Abstract: Geomorphology is the study of landforms and development of an understanding of the processes that shape them. Reclamation of mined land, including drainage system reconstruction, is evolving through increased use of geomorphic principals and site specific environmental conditions to design and construct surface topography that is geomorphically and hydrologically stable, aesthetically pleasing, and suitable for and capable of supporting post-disturbance land uses. A case study that exemplifies the benefits of using this fluvial geomorphic design and construction approach is reclamation of a surface quarry at GCC Rio Grande, Inc.'s Tijeras Cement Plant and Limestone Mine, Tijeras, New Mexico; a semi-arid region of the United States.
Introduction and Project Background

Grupo Cementos de Chihuahua (GCC) of America operates the Tijeras Cement Plant and
Limestone quarry which is located twenty miles east of Albuquerque in Tijeras, NM. Annual cement production at this plant can be upwards of 450,000 tons per year. The Tijeras mine permit area encompasses 2,118 acres of which over acres have been disturbed. The reclamation of Quarry 4 in mining area L, located in the southeastern portion of the mine permit area shown in Fig. 1 , is the project described herein. Thirty-two acres were quarried for limestone which was used in cement production. Seven of those thirty-two acres occupy United States Forest Service (USFS) property with their own site-specific reclamation requirements. The design process for this project required approximately 6 weeks and a permit approval for construction was granted by the agencies in less than one month after submittal. Reclamation in the southwest United States presents unique challenges associated with its arid and semi-arid climate. Other challenges include windy conditions, erosive soils, a variable climate that can inhibit vegetation growth, and storm patterns characterized by short duration, high intensity precipitation. To address these conditions, mine quarry reclamation has historically used a combination of terraces and down drains to establish hydrologic stability and Project Location route stormwater runoff through reclaimed lands. Mine personnel observed problems with terraces overtopping and breaching, and drain riprap linings failing on a nearby reclamation site.
In response to these identified problems, a geomorphic approach to reclamation was proposed by the mine. Based on documented maintenance requirements for terraces and down drains (Brown 2006; Schor and Gray 2007) , the primary regulatory agency (New Mexico Mining and Minerals Division) encouraged the use of a site-specific geomorphic approach for reclamation planning in Quarry 4.
The Problem
Quarry disturbance resulted in highwalls up to 30-feet high (Fig. 2) , a pit floor that consisted primarily of a hard limestone component, an overall site gradient of 10% and a highly erodible substitute soil material used as topsoil. Six self-contained subwatersheds were designed using Natural Regrade (Fig. 3) . The design incorporated rolling hills and a series of ridges, valleys, small channels and tributaries with channel side slopes of 4:1. A photo of the design surface while under construction can be seen in Regulatory requirements specified that the reclamation design must accommodate the runoff from the 100-year, 24-hour precipitation event for sizing channels and determining the erosion potential of the design surface. These precipitation criteria are not incorporated into Natural estimates that are much greater than those calculated for the same subwatershed using traditional hydrologic modeling. To satisfy the requirements of the regulatory agencies evaluating the design at the Tijeras quarry, a secondary analysis was conducted using a model that had been typically used to design channels in this area. Sediment, Erosion, Discharge by Computer Aided Design (SEDCAD) (Warner, Schwab & Marshall 1998 ) was used to demonstrate the overestimation of peak flows that is inherent in Natural Regrade. Discharge values from both Natural Regrade and SEDCAD were compared at the outlet of each subwatershed, and the flows produced by Natural Regrade were comparable to those predicated by SEDCAD for the 100-year, 24-hour precipitation event (Table 1) . Regulatory requirements set forth in the mine permit for the Tijeras site limit allowable soil loss to 4.4 tons/acre/year . A primary component of the geomorphic approach to reclamation is that the gradient and length of slopes are minimized by utilizing interconnected compound slopes instead of the singularly-graded planar slopes typically observed in traditional reclamation. The
Revised Universal Soil Loss Equation (RUSLE) (Toy et al. 1998 ) was applied to the worst-case slope in each subwatershed to demonstrate that the maximum allowable soil detachment rates were not exceeded (Table 2) . 
From Design to Construction
The design surface called for 220,000 cubic yards of fill. Redbed growth medium was chosen for the construction because it could be salvaged on-site at a location west of the quarry.
A soils study was conducted on the Redbed material to evaluate its suitability as a topsoil material. Soil testing results indicated that pH levels, infiltration rates and nutrient and mineral concentrations were within acceptable limits rating the soil as a good growth medium. Mapping was produced using the Carlson Civil module in conjunction with AutoCAD to show differential cut and fill values around the quarry to indicate the most efficient locations to dump materials so that push distances could be minimized during final grading. A Triangulated Irregular Network (TIN) digital file, in a format compatible with GPS machine-control software, was uploaded to the bulldozer GPS system for grading accuracy to within a few inches. The design surface was built in the summer of 2007, and completed in a one-month timeframe. A topography map of the before and after surfaces is shown in Fig. 5 .
The regulatory agencies agreed to allow the newly created landform to remain fallow for one year, providing an opportunity for soil moisture recharge, and to assess the surface for significant erosion problems and confirm the overall functionality of the watershed system. In response to observations during this period, additional grading work could address any issues with the landform before vegetation was established. The reclamation site was subjected to a large precipitation/runoff event shortly after construction was completed. Inspection revealed that negligible rill and gully erosion had occurred, with the exception of one small gulley that had formed. One year later in the spring of 2008, prior to conducting revegetation operations, one small rock lined drain was placed within the reclaimed area to stabilize the gulley and minor grading work was completed to prevent runoff from an adjacent undisturbed watershed from running onto the designed surface. Per USFS stipulations, trunks from dead pinyon and juniper trees located in adjacent lands were cut and imported onto the eastern slope of the area. These trunks were placed on the contour to help with soil stabilization and provide wildlife habitat on the steeper outslopes observed in this area.
Conclusion
The appropriate to satisfy all permit stipulations, significant environmental benefits and cost savings were realized using this geomorphic approach.
Costs were generated for a reclamation effort of approximately the same magnitude using traditional berm terracing and drains, and were compared with the costs for the completed reclamation using the geomorphic approach as shown in Table 4 . The analysis compared costs in multiple categories, including design costs associated with engineering, construction costs incurred to complete regrading, placement of growth medium, rock mulch and riprap, recent maintenance costs and projected future maintenance costs. The cost analysis showed a 44% savings achieved using the geomorphic design over using traditional reclamation techniques.
